A Nogo-A to Nogo-66 receptor (NgR) pathway is well known to contribute to the inhibition of the neurite regeneration of adult central nervous system neurons after traumatic injuries. Recent evidence suggests that Nogo-A and NgR are involved in the pathology of Alzheimer's disease (AD), as evidenced by the fact that Nogo-A is overexpressed by hippocampal neurons in patients with AD and is associated with β-amyloid protein (Aβ) deposits in senile plaques. In the present experiments, we investigated the potential role of Nogo-A in both neurite outgrowth and Aβ generation in cortical neurons. Our results showed that activation of NgR not only inhibited neurite outgrowth in cortical neurons by activating the rho-associated coiled coil-containing protein kinase (ROCK) and protein kinase C, but also promoted their Aβ secretion, which was at least in part activated by ROCK. These findings suggest that the overexpression of Nogo-A and the activation of NgR inhibit neurite outgrowth and alter neuronal metabolism, resulting in overproduction and/or release of Aβ, which in turn may trigger the onset and development of AD. Inhibition of ROCK can promote neurite outgrowth and reduce Aβ production of cortical neuron, which suggests that ROCK appears to be a good target for AD therapy.
Introduction
Alzheimer's disease (AD) is a prevalent neurodegenerative disease that impairs the memory and cognition of patients. The main pathological changes are the formation of senile plaque (SP) and neurofibrillary tangle, as well as loss of neurons and synapses (1) . There are many hypotheses to explain the pathogenesis of AD to date. According to the amyloid hypothesis, accumulation of β-amyloid protein (Aβ) and the formation of neurotoxic Aβ oligomes in the brain are the primary causative factors of AD pathogenesis (2) .
The Nogo-A is a protein expressed by oligodendrocytes and is a major component of myelin in the central nervous system (CNS). It impairs nerurite outgrowth in vitro and is thought to limit axonal growth in vivo after injury in adult mammalian CNS (3) . Recent evidence suggests that Nogo-A and Nogo receptor (NgR) are involved in the pathology of AD. NgR immunoreactivity was found to be present in more than 50% of pyramidal neurons of the hippocampus and may be related to the formation of tangles in AD (4) . Both Nogo and NgR are mislocalized in AD brains, and interaction of amyloid precursor protein (APP) with the NgR reduces amyloid-β plaque deposition (5) . Nogo-A is overexpressed by hippocampal neurons in AD and is associated with Aβ deposits in SP as determined using immunohistochemisty (6) . Although Nogo-A plays essential roles in AD pathology, there remains a need to determine its exact effect and underlying mechanism. The purpose of this study was to investigate the potential role of Nogo-A in both neurite outgrowth and Aβ generation of cortical neurons. We speculated that overexpression of Nogo-A inhibits neurite outgrowth and promotes Aβ secretion simultaneously, which may facilitate the onset and development of AD. To test this hypothesis, we examined the effect of NgR activation by Nogo-A on neurite outgrowth and Aβ secretion of cortical neurons, which in turn may provide insight into potential effects and mechanisms of Nogo-A in AD pathogenesis.
Materials and methods
Materials. Nogo-P4 was purchased from Alpha Diagnostic Intl. Co. NEP1-40 was purchased from Tocris Co. Y-27632, GÖ6976 and the microtubule-associated protein 2 (MAP2) antibody were supplied by Sigma Co. Neurobasal™, a basal culture medium, and B27 supplement were from Gibco Co. The Prime Script™ RT and SYBR ® Premix Ex Taq™ kits were from Takara Co. NSE monoclonal antibody and SABC immunohistochemical kit were from Boster Biotech Co. The human/rat β-amyloid (42) ELISA kit (high-sensitive) was from Wako Co. Neonatal Sprague-Dawley rats were provided by the Experimental Animal Center of Guangdong Province. All other agents used were of high grade and commercially available.
Nogo-66 receptor activation inhibits neurite outgrowth and increases β-amyloid protein secretion of cortical neurons FEI XIAO 1 Isolation and primary cultures of rat cerebral cortical neurons. Primary dissociated cortical neurons were prepared from 1-dayold Sprague Dawley neonatal rats, as described previously, with some modifications (7). Dissociated cells from cortical hemispheres were collected and resuspended in Neurobasal supplemented with 2% B27 at a density of ~3.6x10 5 cells/ml. Medium (600 µl/well) was plated in 24-well plates. Cultures were maintained at 37˚C in a 5% CO 2 atmosphere.
Identification of neurons.
Identification of neurons was determined by staining with two neuron-specific anti-NSE and anti-MAP2 antibodies. After being cultured for 2 days, the cells were fixed for 30 min in 4% formaldehyde in PBS, rinsed and transferred into normal goat serum, followed by staining with primary rabbit anti-rat NSE IgG (1:200) and secondary goat anti-rabbit IgG (1:100) using the SABC kit. Mouse anti-MAP2 IgG (1:200) was detected with goat anti-mouse IgG (1:100).
Neurite outgrowth assay. Neurite outgrowth assays were performed as described previously (8) . Briefly, assays were carried out in 24-well plates after treatment with drugs for 48 h. Random fields were photographed with an Olympus IX71 inverted research microscope. Images were captured, and quantitative analysis allowed the determination of average neurite length and the number of cells with neurites using Image-Pro Plus software (Media Cybernetics, Silver Spring, MD, USA). Four independent wells were scored for each drug tested. The number of cells bearing a process greater than a 2-cell-body diameter in length were counted as cells with neurites.
Real-time quantitative polymerase chain reaction (qPCR) for the expression of MAP2. Firstly, the standard curves for goal gene MAP2 mRNA and housekeeping gene GAPDH mRNA were established. Total mRNA was extracted from the normal cultured neurons and used for the reverse-transcription PCR to obtain the cDNA. We prepared a 1:10 dilution series for cDNA with the result of 1, 1:10, 1:100, 1:1,000 and 1:10,000. The plate was subjected to the following cycling using the LightCycler 450 Detection System (Roche Diagnostics Inc., Mannheim, Germany): 95˚C for 10 sec; 95˚C for 5 sec; 63˚C for 10 sec; 72˚C for 10 sec. The expression and specificity were normalized by the assay of the melting curve. With the establishment of the standard curves for MAP2 and GAPDH, the mRNA expression levels of MAP2 in each test sample were normalized as previously described. The primer sequences used are shown in Table I. ELISA assay for the level of Aβ 42 in the culture medium. ELISA assay for Aβ 42 level was performed using commercial kits following the manufacturer's instructions. Standard solution (100 µl) and test samples were added to each well and left refrigerated overnight at 4˚C. The solutions from each well were discarded using a microplate washer, and washed five times with wash solution. HRP-conjugated antibody solution (100 µl) was added to each well and left refrigerated for 1 h at 4˚C. Subsequently, the antibody solutions were removed from the wells and washed five times. Tetramethlybenzidine (TMB) solution (100 µl) was added to each well within a short interval, thus starting the HRP reaction at room temperature in the dark for 45 min. Stop solution (100 µl) was added to each well in order to terminate the reaction. Color development in each well was detected using a microplate reader (Bio-Rad Inc., Foster City, CA, USA) at 450 nm within 30 min.
Statistical analysis.
Results are presented as the means ± SD. Comparisons between groups were made by ANOVA. Analyses were performed using SPSS 11.0 statistical software (SPSS Inc., Chicago, IL, USA). A P-value <0.05 was considered to denote statistical significance.
Results

Culture and identification of rat cortical neurons. Most cells completely attached to the matrix after 6 h of plating in cultures.
A few cells began to extend 1-2 short neurites (Fig. 1A) . When continually grown for 48 h in vitro, the cell bodies enlarged and appeared to be surrounded by a light halo, and the number and length of neurites increased markedly (Fig. 1B) . More than 90% of the cells were NSE-immunoreactive (Fig. 1C) and MAP2-immunoreactive (Fig. 1D) , suggesting that the majority of the cultured cells were neurons.
Activation of NgR inhibits neurite outgrowth and increases
Aβ 42 secretion in cortical neurons. It was reported (9) that Nogo-P4 is the active fragment of Nogo-66 and activates the NgR. Cultured cortical neurons were treated with Nogo-P4 at different concentrations (3.5, 7 and 14 µM) in Neurobasal at 37˚C for 2 days to observe its effects on neurite outgrowth and levels of MAP2 mRNA and Aβ 42 .
The 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-tetrazolium bromide (MTT) assay demonstrated that Nogo-P4 at different concentrations did not have a toxic effect on cortical neuron survival (data not shown). Treatment of the cortical neurons with different concentrations of Nogo-P4 (7 and 14 µM) significantly decreased the number of cells with neurites compared to the number in the PBS-treated control (Fig. 2E ). Nogo-P4 at different concentrations (3.5, 7 and (Fig. 2F) .
qPCR was applied to analyze the effect of Nogo-P4 on MAP2 mRNA expression after the cell morphology was photographed. Firstly, the standard curves for MAP2 mRNA and GAPDH mRNA were established ( Fig. 2G and H) . The mRNA expression levels of MAP2 in each test sample were then normalized as previously described. In the groups treated with different concentration of Nogo-P4 (3.5, 7 and 14 µM), MAP2 mRNA expression was decreased compared to that in the PBS-treated controls (Fig. 3I) , which was consistent with the neurite outgrowth assay.
The culture medium was obtained to assay the content of Aβ 42 according to the instructions of the ELISA kit after the cell morphology was observed. Nogo-P4 at different concentrations (7 and 14 µM) significantly increased the production of Aβ 42 by 23.71 and 30.87%, respectively (Fig. 3J) .
Effects of NEP1-40 on neurite outgrowth and Aβ 42 secretion. First, we studied the role of NgR in the inhibition of neurite outgrowth and increase in Aβ 42 secretion induced by Nogo-P4. The cortical neurons were treated with the NgR antagonist, NEP1-40 (1, 2 and 4 µM), in the presence or absence of Nogo-P4 for 2 days.
As shown in Fig. 3 , different concentrations of NEP1-40 had no effect on the neurite outgrowth of cortical neurons compared to that in the PBS-treated controls. Treatment of rat cortical neurons with Nogo-P4 significantly decreased the number of cells with neurites and the average neurite length compared to such values in the PBS-treated control. However, treatment with NEP1-40 (2 and 4 µM), 15 min prior to Nogo-P4, significantly increased the number of cells with neurites and the average neurite length compared to both values in the Nogo-P4-treated alone group.
The MAP2 mRNA expression was not affected by NEP1-40 compared to the PBS-treated controls. In the Nogo-P4-treated group, the MAP2 mRNA expression was decreased. Different concentrations of NEP1-40 (1, 2 and 4 µM) increased the MAP2 mRNA expression compared to the Nogo-P4-treated group in a dose-dependent manner (Fig. 3K) . There was no effect after treatment with the different concentrations of NEP1-40 (1, 2 and 4 µM) on the Aβ 42 level in the untreated control. Different concentrations of NEP1-40 did not decrease the Aβ 42 level compared to the level in the Nogo-P4-treated group (Fig. 3L) . (15 µM) and GÖ6976 (100 nM) were referred to in previous studies (10, 11) . As illustrated in Fig. 4 , Y-27632 and GÖ6976 had no effect on the neurite outgrowth of cortical neurons compared to untreated controls. Treatment of rat cortical neurons with Nogo-P4 significantly decreased the number of cells with neurites and the average neurite length compared to such values in the untreated control. However, treatment with Y-27632 and GÖ6976, 15 min prior to Nogo-P4, significantly increased the number of cells with neurites and the average neurite length compared to Nogo-P4 alone-treated neurons.
Effects of Y-27632 and GÖ6976 on neurite outgrowth and
Compared to that of the PBS control group, Y-27632 and GÖ6976 did not affect the mRNA expression of MAP2 in the group of untreated neurons, while the mRNA expression of MAP2 was decreased significantly in the Nogo-P4 group. Y-27632 and GÖ6976 increased the mRNA expression of MAP2 in the group of neurons treated with Nogo-P4 (Fig. 4I) .
Y-27632 and GÖ6976 had no effect on Aβ 42 secretion in the untreated control. Nogo-P4 increased Aβ 42 secretion in cortical neurons. Compared to that of the Nogo-P4-treated neurons, the Aβ 42 level was decreased in the group of neurons treated with Nogo-P4 and Y-27632, while the Aβ 42 level was increased in the group of neurons treated with Nogo-P4 and GÖ6976 (Fig. 4J) .
Discussion
Nogo-P4, the 31-55 amino acid of the Nogo-66 peptide, is sufficient to produce core inhibitory properties of neurite growth (9) . Nogo-66 in vitro was found to exhibit neurite outgrowth inhibition in a variety of nerve cells, such as dorsal root ganglion cells (9, 12) , PC12 (9) and cerebellar granule cells (11) . The mechanism of the inhibition of neurite growth by Nogo-66 in nerve cells is not completely clear. The main signal transduction process involves binding of Nogo-66 to NgR on nerve cell membranes, activation of two downstream signaling molecules, ROCK and PKC, and subsequent exertion of neurite growth inhibition effect (13) . The effect of Nogo-66 on the neurite growth of cortical neurons and its mechanisms have not been reported. Our results of the neurite outgrowth assay revealed that different concentrations of Nogo-P4 inhibited the neurite outgrowth of cortical neurons in a dose-dependent manner. MAP2 is an important regulator of the assembly of microtubules and induces neurite outgrowth. The expression of MAP2 reflects the level of neurite growth (14, 15) . A significant down-regulation of MAP2 mRNA was observed in cortical neurons treated with Nogo-P4 compared to the control, which indicates that Nogo-P4 impairs neurite outgrowth. These data are, therefore, consistent with the morphological evidence that Nogo-P4 has an inhibitory effect on neurite outgrowth.
The potential mechanism of the inhibition of neurite outgrowth by Nogo-P4 has been explored. The outgrowthinhibiting activity of Nogo-P4 was attenuated after cells were incubated with the NgR antagonist NEP1-40. Similar results were obtained after inhibition of PKC and ROCK by GÖ6976 and Y-27632, respectively. Furthermore, qPCR results showed that NEP1-40, inhibition of PKC and ROCK also increased MAP2 gene expression decreased by Nogo-P4, which was consistent with the morphological observation. Taken together, these results indicate that Nogo-P4 inhibits neurite outgrowth by activation of NgR, ROCK and PKC. APP processing is routinely described as occurring mainly via two alternative pathways. The amyloidogenic and non-amyloidogenic pathways would therefore be the result of APP cleavage, first either by β-secretase (amyloidogenic pathway) or by α-secretase (non-amyloidogenic pathway), followed by the release of the toxic Aβ peptide or non-toxic P3 peptide, respectively, by the action of γ-secretase. The highly amyloidogenic 42-residue Aβ peptide (Aβ 42 ) is more prone to aggregate and is considered to be more neurotoxic than the shorter Aβ species (16) . In recent years, several classes of molecules with a modulatory function in APP processing and Aβ secretion have been identified. These include the neuronal Munc-18 interacting proteins (Mints)/X11s, members of the reticulon family (RTN-3 and RTN4-B/C) and NgR (17) . NgR interacts with APP to reduce the production of Aβ (5), while RTN-3 and RTN4-B/C interact with β-secretase and inhibit the production of Aβ (18) . However, the potential effects of Nogo-A and/or Nogo-66 in mediating APP metabolism have not yet been reported. Results from the present study have provided strong evidence that the Nogo-66 active fragment Nogo-P4 regulates APP processing and promotes Aβ 42 secretion of cortical neurons.
In an attempt to elucidate the molecular basis for Nogo-P4-induced Aβ 42 secretion, a receptor and kinase blockers, such as NEP1-40, Y27632 and GÖ6976, were used to treat cortical neurons in the presence or absence of Nogo-P4. Our results showed that different concentrations of NEP1-40 had no effect on Nogo-P4-induced Aβ 42 secretion in cultured cortical neurons. This indicates that the effect of Nogo-P4 on Aβ 42 secretion is mediated by other non-NgR pathways, an issue that remains to be resolved by further investigation.
Our results also showed that ROCK inhibitor Y-27632 inhibited Nogo-P4-stimulated Aβ 42 secretion. This indicates that Y-27632 reduces Aβ 42 by inhibiting the activation of ROCK, and Nogo-P4 increases Aβ 42 secretion by activating the ROCK pathway. Previous studies have shown that a subset of non-steroidal anti-inflammatory drugs (NSAIDs) lower the level of Aβ 42 through inhibition of Rho activity in SY5Y APP cells (19) . The constitutively active ROCK1 molecule was found to inhibit statin-stimulated sAPPα shedding in cultured APP transfected cells (20) . We infer that activation of ROCK reduces non-amyloidogenic sAPPα secretion, which may facilitate amyloidogenic metabolism of APP resulting in an increase in Aβ 42 secretion.
The PKC inhibitor GÖ6976 did not reduce the Aβ 42 secretion caused by Nogo-P4, but instead increased Aβ 42 secretion. This study indicated that the combination of Nogo-P4 and NgR, activated the PKC which reduced the secretion of Aβ 42 , while the PKC inhibitor increased its secretion. It was reported (21) that the increase in sAPPα secretion by deprenyl was blocked by the PKC inhibitor GF109203X and staurosporine. Since the sAPPα is generated through the APP non-amyloidogenic pathway, we hypothesized that activation of PKC results in APP through the non-amyloidogenic pathway, and then reduces APP through the amyloidogenic pathway, thus indirectly reducing the secretion of Aβ 42 .
Taken together, our results demonstrated that activation of NgR by Nogo-P4 regulates the secretion of Aβ 42 through at least two downstream signaling molecules, ROCK and PKC. Activation of ROCK may increase Aβ 42 and activation of PKC may decrease Aβ 42 . Therefore, their combined treatment would result in having no effects on Aβ 42 , which is consistent with the results that the NgR antagonist had no effect on Aβ 42 , despite the level of Aβ 42 being indeed increased after treatment with Nogo-P4. This suggests that the effect of Nogo-P4 in increasing the secretion of Aβ 42 may be mediated via other signaling pathways, apart from the ROCK pathway.
In summary, although Nogo-A/Nogo-66 play a role in AD pathology, their effects and mechanisms are not as yet clear. Our study found that Nogo-P4, the Nogo-66 active fragment, inhibited neurite outgrowth, yet increased the Aβ 42 level in cortical neurons, which resulted in the accumulation of neurotoxic Aβ 42 and further impaired neurite outgrowth. This may be a precipitating factor causing the onset and development of AD. From the viewpoint of a drug therapy target, NgR may be considered as a target for promoting neurite outgrowth or axon regeneration, but not as a target for the inhibition of Aβ 42 generation. Similarly, PKC may be used as a target for promoting neurite outgrowth, while it also promotes Aβ 42 generation and therefore is not appropriate to use as a target for AD therapy. By contrast, ROCK appears to be a therapy target for promoting neurite outgrowth and inhibiting Aβ 42 production. Targeting ROCK may prove potentially useful and effective for the treatment of patients with AD.
